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ABSTRACT 
This paper proposes a knowledge representation method that supports greater reuse of 
manufacturing knowledge in design. The method draws on recent research into object-
oriented product and manufacturing models, and problem solving agents. A research platform 
is proposed, and the results of a test case (based on a simplified jet engine combustion 
chamber) are described. The paper concludes with three basic principles of reuse, i.e. 
product/process separation, procedural/declarative knowledge separation, and guidelines for 
the optimum location of rules and constraints within product/manufacturing models. 
1. INTRODUCTION 
Many organisations have deployed Knowledge Based Systems (KBS) to improve the 
consistency of manufacturability analysis in design. These however, often suffer from limited 
reuse, when knowledge representations (i.e. rules and constraints) have evolved to solve 
specific problems. This paper examines research into representation techniques that assists 
reuse, including object-oriented models and agents. These are described in sections 2 and 3 
respectively. Examples of rules and constraints relating to a simplified combustion chamber 
(typical to the aerospace industry) are then outlined in section 4, which also discusses the 
issues involved with structuring such rules for reuse. A representation method/platform 
designed to support improved reuse is then described in section 5, and conclusions on how 
knowledge reuse should be supported in design/manufacturing environments are described in 
section 6. 
2. KNOWLEDGE MODELS 
The use of object-oriented models to structure product and manufacturing knowledge has been 
described in recent research literature. Models typically include separate product [1] [2] and 
manufacturing hierarchies [3] (see figure 1). This separation assists knowledge reuse, as the 
same product representation is valid for multiple manufacturing scenarios. Similarly, a 
common manufacturing knowledge base can be used to evaluate multiple products. 
 
Figure 1: Product and Manufacturing Models 
3. AGENT MODELS 
A further strand of knowledge base research is directed towards the use of agents. These are 
software modules capable of applying knowledge to a particular task (essentially a form of 
KBS). Agents (in a simplified form) support goals (i.e. an idea of what they are trying to 
achieve), have a defined perception of their environment and the information they receive 
from their environment, hold beliefs about how they should behave and interact with their 
environment, and be capable of executing actions or action sequences (i.e. plans) that meat 
goals [4]. An agent’s perceptions, goals, beliefs and actions will usually be expressed in terms 
of rules and constraints. Examples of agent based systems for manufacturing environments 
have recently been proposed [5]. Research into non manufacturing applications has also 
highlighted the need for information structures that separate an agent’s procedural and 
declarative knowledge [6]. Figure 2 relates this principle to a manufacturing environment. 
Figure 2 shows two ways of coding a rule that may be part of an agent representing a machine 
tool. The first approach hard codes knowledge of the tools boring capability into the agent. 
The second approach declares the “boring_tolerance” as an attribute, and requires the agent to 
access to a separate database holding the stored value of the boring process tolerance. This 
separation makes it considerably easier to reapply the agent to multiple scenarios (i.e. machine 
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tools with different boring capabilities). A design/manufacturing environment would therefore 
benefit from a knowledge model with clear separation between procedural (agent) and 
declarative (database) knowledge. 
 
Figure 2: Coding Style Examples 
4. COMBUSTOR CASING EXAMPLE 
Figure 3 shows a simplified combustor casing. Whilst more complex structures are used in jet 
engine applications, this case example can be used to demonstrate many of the issues 
associated with knowledge reuse. These are described below. 
 
Figure 3: Simplified Combustor Casing 
Firstly the chamber is manufactured using forging processes to create a cascade of rings. The 
chamber is then machined, using a variety of turning, milling, and drilling processes. Separate 
product/process representations allow multiple manufacturing scenarios to be evaluated, and 
an optimum processing chain to be established. Secondly, a number of forging and machining 
facilities may need to be evaluated. These will achieve different tolerances, and be subject to 
different process limits (e.g. max and min object sizes). Each facility will also behave 
differently for different materials. Ideally a single set of process agents should support all of 
these scenarios. 
// Bore hole if required tolerance is met by 
// the boring process capability of 100um.  
 
if ((material.equals(“iron”)) & 
    (hole01_tolerance > 100)) bore(hole01); 
------------------------------------ 
set (supply_conditions, “iron”); 
tol = get (“boring tolerance”); 
if (hole01_tolerance > tol) bore(hole01); 
 
A third issue arises when considering where rules and constraints should be located within a 
knowledge model for optimum reuse. We may for example wish to constrain the placement of 
holes, ensuring a separation in excess of 6mm. Such a constraint could be considered as part 
of the chamber entity (product model), or as part a process representation. In reality we need 
to establish the reasoning behind the constraint to support greater reuse. If the constraint is 
determined by the product (e.g. larger chambers require greater separation), then the chamber 
entity is the obvious location. Alternatively, if the separation is determined by the drilling 
and/or boring processes, the constraint should be located with the appropriate process agent, 
allowing different process combinations to determine the minimum separation. In both cases, 
a “minimum-hole-separation” attribute should also be declared.  
5. EXPERIMENTAL PLATFORM 
The Manufacturability Analysis Platform (MAP), figure 4, uses multiple agents to simulate 
the effects of individual processes in the manufacture of a product (i.e. process agents). A 
strategy agent holds a perception of the whole product, and knowledge of how individual 
processes can be combined. A set of shared methods allow product representations, facility 
data, process plans and resource profiles to be accessed and manipulated by process agents.  
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Figure 4: Manufacturability Analysis Platform 
Product models for standard features (e.g. cylinders and holes) can be referenced by the shared 
methods, along with customised models for bespoke features. Two product representations are 
also supported by the shared methods, i.e. the required (designer defined) features, and the 
manufactured features that are created and manipulated by processes. This allows for 
example, the hole required by a designer to be considered separately from the hole created by 
either drilling or die insertion into a cast. The same product representation can therefore be 
used to evaluate multiple process combinations. The MAP also uses a tiered architecture to 
separate declarative (database) knowledge from procedural (agent) knowledge, and reuse 
issues have been considered when locating rules and constraints between strategy, process and 
product representations. 
6. CONCLUSIONS 
This paper develops three basic concepts for improved reusability of manufacturing 
knowledge representations, i.e. the separation of process, required product and manufactured 
product models, the separation of declarative and procedural agent knowledge, and the 
optimum location of rules for reuse. Each of these concepts has been tested using the 
Manufacturability Analysis Platform, and a case study based on a jet engine combustor casing. 
ACKNOWLEDGEMENTS 
This work is part of an ongoing research project entitled “Knowledge Representation and 
Reuse for Predictive Design and Manufacturing Evaluation”. This has been funded under 
EPSRC GR/R64483/01, and actively supported by Rolls Royce plc. Further information on 
the project and team members can be found on: http://www-staff.lboro.ac.uk/~mmsdc.  
REFERENCES 
1. Cutting-Decelle, A, Young R, Anumba C, Baldwin A, Bouchlaghem N. The Application 
of PSL in Product Design across Construction and Manufacturing. CERA Journal, Vol. 
11, No.1, March, 2003.  
2. Oldham, K, Kneebone, S, Callot, M, Murton, A and Brimble, R, in N. Mårtensson, R. 
Mackay and S. Björgvinsson (eds.), 1998. Changing the Ways We Work. Advances in 
Design and Manufacturing, Vol 8, Proceedings of the Conference on Integration in 
Manufacturing, Göteborg, Sweden, IOS Press, Amsterdam, October 1998, 198-207. 
Accessed 01/Jun/04: http://www.kbe.cov.ac.uk/moka 
3. Molina A, Bell R, 1999. A Manufacturing Model representation of a flexible 
manufacturing facility. Journal of Engineering Manufacture: Proceedings of the 
Institution of Mechanical Engineers, Vol 213, Part B, pp.225-246. 
4. Arazy O, Woo C, 2002. Analysis and design of agent-oriented information systems. The 
Knowledge Engineering Review, Vol. 17:3, 215–260. 
5. Chira O, Chira C, Tormey D, Brennan A, and Roche T, 2004. A Multi-agent Architecture 
for Distributed Design. Lecture Notes in Computer Science. Volume 2744 / 2004 Title:  
Holonic and Multi-Agent Systems for Manufacturing. ISBN: 3-540-40751-0. 
Chapter: pp. 213 – 224. Online Date: January 2004.  
6. Wray R, Lisse S, Beard J, 2004. Ontology infrastructure for execution-oriented 
autonomous agents. Robotics and Autonomous Systems 49 (2004) 113–122. 
